Abstract -The laminar flamelet approach to the modelling of turbulent combustion, based upon detailed chemical kinetics, is described. Allowance must be made for the effects of flame straining and the relationship between this in laminar and turbulent flames is discussed. Finally, some examples are given of computed combustion fields.
INTRODUCTION
Since the presentation of an earlier review in 1983 at a Workshop of the Siberian Academy of Sciences (ref. 1) there has been significant progress in the mathematical modelling of premixed turbulent combustion. concept of laminar flames in a turbulent fluid, and measurements in various systems have advanced our understanding of this complex phenomenon. There are, however, still a number of unresolved problems, not least those connected with the effects of flame straining. The present paper reviews some of these important issues. Regimes of turbulent flames are first discussed, to be followed by a review of flow field modelling and the unstrained flamelet model for turbulent combustion. and a preliminary strained flamelet model are introduced and applied to recirculating combustion.
Detailed chemistry has been incorporated through the
The concept of strained flamelets in turbulence 
The different rCgimes,
The chemical time, S1/ul, becomes greater than the Kolmogorov time when K attains a value of 0.258. Between these limits the break-up of the sheet is followed by localised quenching of some flamelets in a fragmented reaction zone, until, at higher values of K, the flame is completely quenched.
The eulerian strain rate, taken as ur/X, is a mean value, as must be that of K. In practice, there is a distribution of different values and the described regimes are statistical in nature. 
U1
With Eq (1) this is equivalent to K < 0.258. When K attains this numerical value the chemical and Kolmogorov lifetimes are equal. In this approach, however, it must be remembered that such quantification is, of necessity, simplified and that, in practice, there is a distribution of values of the strain rate.
Although Fig. 1 is a good guide to the nature of turbulent flames propagating into unburnt isotropic premixture of known physico-chemical characteristics, care must be taken over its application to other conditions. gases into unburnt mixture, as employed in industrial furnaces and gas turbine combustion chambers to enhance stability, creates a different flame brush structure and can make definitions of flame front and burning velocity difficult, if not impossible. It will be shown later that combustion can occur in recirculating flows even when there are regions where the values of K are so high that Fig. 1 suggests flame quenching.
For example, the recirculation of hot

MODELLING OF THE FLOW FIELD
The spatially-varying flow and reaction fields in most practical combustors necessitate complex computational approaches. direct stress models have been employed to obtain global fields (refs. 8-11). In these models, various statistical mean turbulent quantities are computed from their modelled transport equations, but information on the dynamic behaviour of turbulence is, inevitably, truncated and irrecoverable. A transport dynamic model, in which some kind of transport equations govern the dynamic behaviour of the turbulence, has yet to be established. fractal dynamics and chaos theory might provide alternatives to the current transport statistical models which nevertheless, in many cases, provide adequate engineering solutions.
In isothermal elliptic turbulent flows it has been shown that the higher order direct stress, rather than the lower order k-E, turbulence model is superior for flows with strong streamline curvature and anisotropic Reynolds stresses, such as occur, in particular, with secondary recirculation (refs. 10-12). The k-e model over-attenuates swirling velocities with axial distance (ref. 13). When combustion occurs, the problems increase and the direct stress model is incomplete, with a number of controversial issues still to be resolved (refs. 14,15). These include, for example, the role of pressure fluctuations with changing density and their relation to flame-generated turbulence (refs. 16,17). Also, because of the computational complexity of a large number of coupled governing equations, solution is a formidable task in multi-dimensional flows, although recently some preliminary results have been obtained by the present authors and coworkers for two-dimensional premixed swirling and non-swirling flames in cylindrical burners. These show that with the flame located along a shear layer, the direct stress and k-E model solutions of the temperature fields are only marginally different. regime of validity would be greater than this if a locally fragmented flame sheet reformed to give a relationship between reaction rate and 8 that is not too dissimilar from that in the laminar flame. were to be quenched completely, the validity of the submodel automatically would be assured. If, as seems likely, a flame strain rate does not significantly change during reaction, the statistical distribution of strain rates would ensure that some flamelets maintained the combustion, whilst higher strain rates would abort some potential flamelets. Although the beta function is of flexible shape and can express bimodality, it cannot attain singular peak values at 8 = 0 and 1. required form is hindered by a dearth of accurate experimental data.
The present level of both understanding and computer power necessitates an 'a priori' assumption about the form of p(8). dominated by values at
As with the mean volumetric heat release rate in a turbulent flame, a mean, mass weighted, species concentration can be expressed in terms of the species concentration ir the laminar flame, m,(8) by
More appropriate pdfs are a possibility, but knowledge of the
The energy equation for the second moment of 8 requires the evaluation of the covariance of the fluctuating progress variable and heat release rate, Wq ' (ref. 23) . This is given by
Y
The convenience of this flamelet approach is that detailed laminar profiles, such as ql (8) condition, not surprisingly, the relatively small computed effect of given strain rates that are less than the quenching limit, upon the turbulent mean volumetric heat release w rate and covariance, 8'q'. Again a beta function was assumed for the reaction progress variable fluctuations and applied to the same conditions as Fig. 3(a) 
-
In view of the various physiochemical uncertainties about strained flames, not only is Eq (7) computationally convenient but also this concept of S, is probably sufficiently accurate. time. As suggested earlier, this is probably justifiable.
0
Implicit in Eqs (6) and (7) 38). This proportion was equated to the probability that the cold gas strain rate into the flame was less than a limiting quenching strain rate, S , . In both of these cases the flames were of the symmetric counterflow type and the quenching strain rate, not surprisingly, increases with equivalence ratio. The turbulent bomb values of S , are about six times those in the laminar flame and about three times those computed. for these differences is that in the turbulent bomb some hot gas was always present to act as a re-ignition source and, consequently, these higher quenching strain rates should, more realistically, be compared with those in asymmetric laminar counterflow, in which one stream is of hot gas. of maximum heat release rate against strain rate for the two laminar, counterflow, conditions for a methane-air flame, is a strain rate marked "1". This corresponds to One partial explanation Shown in Fig. 4 , in addition to the computed profiles that which might be expected for turbulent flame quenching in the stirred bomb. symmetric condition suggests the flame should quench at a much lower strain rate, whilst the asymmetric condition suggests the flame should never extinguish.
Measured eulerian pdfs of strain rates in homogeneous isotropic
The high experimental value of quench strain rate would be reduced to about 0.7 of the value if, instead of assuming material surfaces into the flame align with the plane of maximum strain rate, it were assumed that they align with the maximum of any three randomly selected positive strain rates. Such a strain rate is marked 'l2" in the figure. Pope has suggested that, for material surface elements, there is a 30% probability of negative strain rates (ref. 39) . This might reduce the observed quenching strain rate to about 0.6 of the initial value, indicated by point "3". A recent direct numerical simulation of isothermal, homogeneous, turbulence has shown the total rate of strain of a material surface t o be extensively positive, with an 80% probability (ref. 40) .
It is possible that the actual volumetric heat release rate -strain rate profiles in flamelets are intermediate between the symmetric and asymmetric profiles, as a consequence of variable hot boundary conditions and flame curvature. Such a possible intermediate profile is shown dotted in Fig. 4 The discrepancy between values of Sq obtained in the turbulent explosions and the laminar flames seems to be greater than can be accounted for by flame curvature or uncertainties as to the form of the strain rate pdf. Because a probable explanation is that the flame material surfaces are not fully aligned with the plane of maximum strain rate, the experimental bomb results might be re-examined on the assumption that the numerical value of the quenching strain rate is, indeed, the same as that computed for the corresponding symmetric laminar flame. The experiments can then reveal the strain rate to which the turbulent flame must have been subjected. Equation (12) shows how the measured values of Ar yield rates to which the flame is exposed are different from those assumed, but the form of the pdf is still that of the quasi-gaussian, Eq (lo), then this ratio is also equal to S q c / S f . Here Sqc is the quenching strain rate assumed to be that computed for the laminar flame and Sf is the mean strain rate acting on the turbulent flamelets.
the ratio Sq/g. If the strain Hence These terms can be normalised by Sl/ul to give the ratio of the effective flame straining Karlovitz number, Kf, to the eulerian strain Karlovitz number. By invoking Eq (11) Values are shown in the penultimate column of Table 1 . The ratio has a mean value of 0.27, with a tendency for it to fall slightly with increase in K. This suggests the effective lagrangian turbulent strain rate that affects the flame is about a quarter of the eulerian strain rate, uf/X, and that negative flame straining rates, about which little is known, are possible. Clearly, more research is needed on this important question and also upon anisotropic effects, that might be expressed by Reynolds stress modelling.
APPLICATION OF FLAMELET MODEL I N RECIRCULATING FLOW
For experimental and computational studies the axially symmetric, jet-stirred, conical ceramic reactor, shown in Fig. 6 , was employed. The half angle of the cone was 29', the radius to the end spherical segment 81 mm, the inlet nozzle diameter 9.5 mm, outer diameter 19 mm and the exit hole in the reactor was 30 mm diameter. The value of K based upon the mean velocity at the inlet nozzle is 0.2. The general flow pattern, shown in Fig. 6(a) , reveals a large recirculation zone which stabilizes the flame by convecting hot combustion gases to the jet shear layer, where high turbulence is generated to enhance mixing of burning and cold gases. The jet convects the mixing gases downstream as the chemical processes develop. The normalised mean turbulent heat release rate contours in Fig. 6(b) , show a maximum value close to where the jet shear layer is deflected and near the top corner. high jet velocity spreads the flame over the curved wall, as shown by the temperature field in Fig. 6(c) .
From the computed values of E/v, values of Karlovitz stretch factor were calculated from values of uf/Xgiven by Eq ( 9 ) and contours are shown in Fig. 6(d The flame strain integral for a, in Eq (7) is evaluated by Eq (12). In this, S, is an estimated laminar strain flame computed value, of 500 s-', and 5 is a mean flame strain rate, given by 0.27 ut/X. 
Allowance for the quenching effects
